S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Cell Reports

Heterogeneity of Antiviral Responses in the Upper
Respiratory Tract Mediates Differential Non-lytic

Clearance of Influenza Viruses

Graphical Abstract

Influenza B Virus
Upper Respiratory Tract Infection

ﬁ? O P

Olfactory Epithelium Respiratory Epithelium

Infection of olfactory sensory neurons
Strong induction of antiviral genes

-

Infection of respiratory epithelial cells
Weak induction of antiviral genes

Rapid, non-lytic viral clearance Delayed viral clearance

Highlights
e Influenza B virus targets olfactory sensory neurons (OSNSs) in
the upper airways

e OSNs exhibit a stronger and more rapid antiviral response
compared to matched epithelial cells

e Infected OSNs clear the virus non-lytically and persist in the
host long term
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influenza B virus targets olfactory sensory
neurons, but these neurons induce
interferon-stimulated genes to rapidly
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the CNS from disseminated infection.
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SUMMARY

Influenza viruses initiate infection in the upper respiratory tract (URT), but early viral tropism and the impor-
tance of cell-type-specific antiviral responses in this tissue remain incompletely understood. By infecting
transgenic lox-stop-lox reporter mice with a Cre-recombinase-expressing influenza B virus, we identify olfac-
tory sensory neurons (OSNs) as a major viral cell target in the URT. These cells become infected, then elim-
inate the virus and survive in the host post-resolution of infection. OSN responses to infection are character-
ized by a strong induction of interferon-stimulated genes and more rapid clearance of viral protein relative to
other cells in the epithelium. We speculate that this cell-type-specific response likely serves to protect the
central nervous system from infection. More broadly, these results highlight the importance of evaluating
antiviral responses across different cell types, even those within the same tissue, to more fully understand

the mechanisms of viral disease.

INTRODUCTION

The upper respiratory tract (URT) is the primary site where respi-
ratory pathogens, such as influenza viruses, initiate infection
(Kuiken and Taubenberger, 2008; Tellier, 2006). Due to its loca-
tion, the nature of its antiviral responses inherently affect the
course of influenza disease (Reddy et al., 2016; van Riel et al.,
2010). Failure to initially control infection in the URT can result
in viral spread to other connected tissues, including the distal
respiratory airways and central nervous system (CNS). Further,
the cellular composition of URT is complex; cell types with
unigue and divergent functions populate functionally distinct re-
gions such as the respiratory epithelium (RE) of the nasal concha,
and the olfactory epithelium (OE) that mediates olfaction.
Discrete cell types in the URT include subsets of epithelial cells
responsible for mucous production and mucociliary clearance
(Brooks and Wallingford, 2014; Spassky and Meunier, 2017),
neuronal and neuroendocrine cells to transmit sensory and hor-
monal information (Schwob et al., 2017; Van Lommel, 2001), im-
mune cells poised for incoming pathogens (Holtzman et al.,
2002; lwasaki et al., 2017), and connective cells to maintain tis-
sue structure. Due to a lack of in vitro models that recapitulate
this cellular diversity, as well as the technical challenges to
studying the URT in vivo, interrogation of early viral tropism in
this tissue has remained limited.

In addition to understanding which cells are infected, it is also
important to understand their responses to infection. Different
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cell types can mount unique responses depending on their basal
gene expression profiles, physiological function, and microenvi-
ronment (Bals and Hiemstra, 2004; Holtzman et al., 2002; Parker
and Prince, 2011; Schleimer et al., 2007; Vareille et al., 2011;
Whitsett and Alenghat, 2015). For example, inflammatory cyto-
kines and chemokines produced by infected hematopoietic
and epithelial cells can vary dramatically (Parker and Prince,
2011). Additionally, cell types are differentially permissive for
infection, and even within a population of infectible cells, out-
comes following infection vary. For cells that function primarily
as barriers, high basal levels of antiviral effectors help to reduce
viral infection rates and slow spread in the event of productive
infection (Lazear et al., 2015; Wells and Coyne, 2018). Permissive
infected cells can activate cell death pathways or be cleared by
the immune system (Barber, 2001; Chen et al., 2018; Man et al.,
2017; Orzalli and Kagan, 2017). Alternatively, some infected cells
are able to non-lytically clear viral infection and survive beyond
host viral clearance (Burdeinick-Kerr and Griffin, 2005; Chisari,
2000; Dumm et al., 2019; Fiege et al.,, 2019; Gomme et al,,
2012; Heaton, 2017; Heaton et al., 2014; Reuther et al., 2015;
Wheeler et al., 2017). Despite our understanding that cells can
have a range of potential responses to infection, it remains
generally unclear how differential cellular responses influence
viral replication and host inflammation across disparate tissue
types, including the URT.

In this study, our goal was to understand how cellular diversity in
the URT may influence influenza virus infection. After surveying
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Figure 1. Influenza B Virus-Infected Cells in the Olfactory and Respiratory Epithelium Can Eliminate Viral Infection

(A) Schematic and a coronal section of the mouse URT. The respiratory epithelium (RE) is in the ventral region, while the olfactory epithelium (OE) is in the dorsal
region. Scale bar: 1,000 um. Blue represents DAPI.

(B and C) Microscopy of the RE (B) and OE (C) stained for viral protein from a Mock- and Mal/04-Cre-infected mouse at 3 days post-infection. Scale bar: 100 um;
zoom scale bar: 30 um. Blue represents DAPI; white represents viral protein.

(D) Schematic of viral activation of the lox-stop-lox-tdTomato reporter cassette.

(E and F) Microscopy of the RE (E) and OE (F) from lox-stop-lox tdTomato transgenic mice, infected with Mock and Mal/04-Cre virus and imaged at 3 days post-
infection. Scale bar: 100 um. Zoom scale bar: 30 um. Blue represents DAPI; red represents tdTomato.

(G) Flow cytometry of RE and OE cells expressing tdTomato from Mock- and Mal/04-Cre-infected mice at 3 days post-infection.

(H) Quantification of tdTomato* cells out of total epithelial (EpCam*) cells from the RE and OE of a Mal04-Cre infected mouse. Three independent mice were used

to collect matching RE and OE samples.
(land J) Microscopy of the RE (1) and OE (J) from lox-stop-lox tdTomato transgenic mice that were infected with Mock and Mal/04-Cre virus and imaged at 14 days

post-infection. Scale bar: 100 um. Zoom scale bar: 30 um. Blue represents DAPI; red represents tdTomato.

(legend continued on next page)
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the URT for regions of infection, we observed that cells in both the
RE and OE were productively infected. We defined the infected
cells in the OE as predominantly olfactory sensory neurons
(OSNs) and further showed that these infected cells non-lytically
clear the virus and persist after viral clearance. Characterization
of the antiviral responses of OSNs revealed higher expression of
specific cell-intrinsic anti-influenza genes and more rapid viral
clearance than those in other types of infected cells. These data
highlight the importance of defining cell-type-specific antiviral re-
sponses even within a single tissue or organ.

RESULTS

Characterization of Influenza B Virus Infection in the
URT
To model a human URT infection in mice, we chose a seasonal
strain of influenza B virus (IBV; B/Malaysia/2506/2004-Mal/04),
which preferentially replicates at the lower temperature of the
URT (Bui et al., 2019; Laporte et al., 2019; Wang et al., 2007).
We made use of a reporter Mal/04 variant, which expresses
Cre recombinase after infection (Dumm et al., 2019); when target
cells contain a lox-stop-lox-tdTomato cassette, Cre activity in-
duces permanent fluorescent labeling, allowing us to identify
actively infected cells and also cells that have cleared infection.
To initially survey the infected cells in the URT (Figure 1A), we in-
fected mice and collected URT tissue at 3 days post-infection
(DPI). Using polyclonal sera raised against Mal/04, we observed
areas of the RE positive for viral protein (Figure 1B), with some-
what limited but still detectable levels of infection in the posterior
OE (Figure 1C). These data are consistent with previous reports
describing IBV replication primarily in the RE (Bui et al., 2019;
Dando et al., 2014; Laporte et al., 2019; van Riel et al., 2015).
To define whether some infected cells may be poorly de-
tected by antibody staining, as well as assess differences in
the ultimate fates of the infected cells, we performed micro-
scopy for the virally Cre-activated tdTomato reporter (Fig-
ure 1D). As expected, we observed tdTomato™ cells in the RE
and OE, but in contrast with the antibody staining, the numbers
of tdTomato* cells were similar (within ~2-fold) between the
two tissues (Figures 1E-1H; Figures S1A-S1C). We next looked
for tdTomato™ in the URT after viral clearance (Figure S1D). We
found that previously infected cells were present in both the RE
and OE (Figures 11 and 1J) at similar rates (Figures 1K and 1L;
Figure S2). We have previously identified the subtypes of cells
in the RE that can survive influenza virus infection (Dumm
et al., 2019; Heaton et al., 2014); however, the identity of the
surviving cells in the OE was unknown.

IBV Infects OSNs and Results in Upregulation of
Canonical Antiviral Genes

Closer analysis of the morphology of the tdTomato™ cells in the
OE revealed a morphology reminiscent of OSNs, including den-
dritic knobs extending into the airspace (Figure 1J, inset). We
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therefore crossed a transgenic line expressing GFP under the
control of the olfactory marker protein (OMP) promoter (Potter
et al., 2001) to the lox-stop-lox-tdTomato mouse so that we
could simultaneously visualize OSNs (Figure 2A) and monitor in-
fected/surviving cells. At 14 DPI, we found that on average
~64% of tdTomato™* cells in the OE also express GFP, indicating
that they are indeed OSNs (Figures 2B and 2C). The remainder of
survivor cells that do not express OMP are likely either additional
epithelial subtypes, contaminating RE cells, or immature OSNs
with limited expression of OMP (Nickell et al., 2012). In addition
to tdTomato/GFP colocalization in the OE, the axons of these
cells were also co-labeled and can be seen terminating in the
glomeruli of the olfactory bulb (Figure 2D). We failed to observe
infection or replication in any other cell type in the olfactory
bulb or other regions of the brain.

Neuropsychiatric complications of influenza infection are not
restricted to neurotropic strains of the virus (Britton et al.,
2017; Mizuguchi, 2013; Studahl, 2003), yet relatively little is
known about infection or responses of neuronal cells to seasonal
influenza strains (Studahl, 2003). We were therefore interested in
understanding how OSNs, which link the brain to the URT,
respond to viral infection and mediate non-lytic viral clearance.
We sorted OMP* OSNs from mock-infected mice and infected
OMP*/tdTomato™ OSNs at 3 DPI and both OMP*/tdTomato™
and OMP*/tdTomato™* cells 14 DPI. From these cells, we isolated
mRNA and performed RNA sequencing (Figure 3A; Data S1).
Approximately 0.5% of total reads in the 3 DPI samples mapped
to the Mal/04 genome, and as expected, viral RNA (vRNA) was
cleared by 14 DPI (Figure 3B). High-level analysis of the host
response revealed clusters of differentially induced genes be-
tween the uninfected, actively infected, and previously infected
samples (Figure S3A).

Compared with mock-infected OSNs, actively infected OSNs
at 3 DPI displayed the largest magnitude of gene expression
changes (Figures 3C and 3D; Data S2). Gene Ontology (GO)
analysis of upregulated genes revealed strong enrichment of ex-
pected pathways, such as immune responses against viral infec-
tion (Figure 3D; Data S2), which included key antiviral genes (Fig-
ure 3E). We also observed the downregulation of certain GO
processes, such as cytoskeletal- and microtubule-dependent
transport (Figure 3D; Data S2), pathways that we have previously
observed to be suppressed after Mal/04 infection in other cell
types (Dumm et al., 2019). At 14 DPI, we observed only minor
transcriptional changes in bystander tdTomato~ OSNs
compared with OSNs from uninfected animals, indicating that
the inflammatory environment induced by viral infection has
limited effects on these cells (Figure S3B). For the surviving tdTo-
mato* OSNs at 14 DPI, we observed the same general gene
expression patterns as the actively infected 3 DPI tdTomato™
OSNSs; however, the magnitude of the transcriptional signature
was lower (Figure S3B). Outside of antiviral response genes at
14 DPI, we did not observe major alterations to OSN gene
expression patterns (Figure S3C; Data S3).

(K) Flow cytometry of RE and OE cells expressing tdTomato from a Mock- and Mal/04-Cre-infected mouse at 14 days post-infection.
(L) Quantification of tdTomato™ cells out of total epithelial (EpCam™) cells from the RE and OE of a Mal04-Cre infected mouse. Four independent mice were used to

collect matching RE and OE samples.

For all graphs, error bars indicate the SEM. **p < 0.001. All data are representative of at least two biological replicates.
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Figure 2. Olfactory Sensory Neurons (OSNs) Can Survive Influenza B Virus Infection
(A) Microscopy of a sagittal section of the OE from OMP-GFP mice with axon tracks extending to the glomeruli of the olfactory bulb. Scale bar: 200 um. Blue

represents DAPI; green represents GFP.

(B) Flow cytometry of OE cells for tdTomato and OMP-GFP from mock or infected mice at 14 days post-infection.
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OSNs Express Higher Levels of Antiviral Effectors Than
Do Similarly Infected Cells in the RE

Because RNA sequencing identified a strong antiviral response
in OSNs, we repeated our mouse infections and collected both
OSNs and RE cells (along with corresponding tissues) to
compare their early responses to infection (Figures 4A-4D).
gRT-PCR for the IBV genome, infectious virus titers, and tdTo-
mato*OMP* foci indicated productive infections of similar
magnitude in both OSN and RE cell populations (Figures S4A-
S4J). Quantification of anti-influenza interferon stimulated genes
(ISGs) upregulated in the sequencing dataset (Garcia-Sastre,
2011; Schoggins et al., 2014) revealed that many, including
Isg15, Ifit1, Ifit3, Rsad2, Oas1a, and PKR, were expressed to a
larger extent in OSNs compared with RE cells (Figures 4E-4J).
This heightened antiviral response in OSNs did not extend to
every antiviral gene that was tested as some genes, such as
Ifit2, Ifitm3 (Figures S4K and S4L) and Tnf and /I6, were either
induced to the same extent or more highly in RE cells (Figures
4K and 4L). Based on these data, we developed a model (Fig-
ure S4) in which initial viral burden is similar between the OE
and RE, but the antiviral response of OSNs could shorten the
duration of viral replication (Figure S4M).

After Infection, OSNs Clear Viral Protein More Quickly
Than RE Cells Do

In order to directly test viral clearance kinetics in different URT
cell types, we utilized our Cre-based labeling system in conjunc-
tion with viral protein staining, allowing us to categorize infected
cells as being either early or late in viral infection, or post-viral
clearance. At 1 DPI, in both the RE and OE, we observed roughly
equal percentages of cells expressing only viral protein, cells co-
expressing both viral protein and tdTomato, and cells expressing
only tdTomato (Figures 4M and 4N). Similar analyses at 3 DPI
showed that although the RE looked similar to the 1 DPI time
point (Figure 40), there were striking differences in the OE.
Only 12.5% of cells maintained viral protein expression in the
OE, whereas 9.3% of cells were co-labeled and 78.2% of cells
had completely cleared viral infection and expressed tdTomato
alone (Figure 4P). These data are consistent with more rapid
intrinsic viral clearance in OSNs compared with cells in the RE
and are further supported by an overall more rapid decrease in
numbers of cells positive for viral protein in the OE compared
with RE (Figures S4N and S40).

DISCUSSION

In this study, we demonstrate involvement of the OE and OSNs
during infection with a seasonal strain of IBV. OSN responses
to IBV are characterized by a strong induction of antiviral gene
responses, which led to more rapid clearance of virus when
compared with RE cells. Despite regional heterogeneity across
the URT, the entire tissue must function as an effective barrier
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to protect more vulnerable tissues from any airborne pathogens
(Diamond et al., 2000; Parker and Prince, 2011). Earlier studies
have reported that OSNs undergo apoptosis following influenza
infection and suggested this as a neuroprotective mechanism
(Mori et al., 2002). However, our study shows that OSNs can
be infected and go on to survive. Understanding the frequency
of apoptosis and non-lytic clearance, as well as how that may
affect barrier function/viral dissemination, is an important area
of future study.

Unlike neighboring areas of the RE within the URT, the OE is not
specialized for barrier function per se, but rather chemosensation.
To rapidly convey environmental odorant information, OSNs posi-
tion their dendrite in the airway, while also extending an axon to
the olfactory bulb of the CNS. This arrangement means that
OSNs provide a direct single-cell route from the outside world to
the CNS. Viruses that enter and infect OSNs can bypass conven-
tional protective barriers of the CNS (blood-brain barrier, blood-
cerebrospinal fluid barrier) and travel intracellularly from the
airway into the CNS with only the antiviral capacity of OSNs stand-
ing in opposition. The data presented in this work suggest that
OSNss are equipped with specialized antiviral responses that pre-
vent both infected cell death and viral dissemination.

Although our findings indicate that OSNs have a robust anti-
viral program, case reports of human influenza encephalopathy
during seasonal influenza infection suggest these antiviral pro-
grams can fail (Lee et al., 2010; Mastrolia et al., 2019; Meijer
et al., 2016). Despite CNS involvement in some human influenza
cases, evidence of viral RNA or infectious viral particles are un-
common (Lee et al., 2010; Steininger et al., 2003). Congenital
or transient variation in antiviral responsiveness and antiviral
gene expression within OSNs may lead to enhanced viral replica-
tion and either increased release of inflammatory mediators or
direct viral transmission into the CNS. We therefore propose
that variations in OSN antiviral responses could contribute to
why certain individuals present with overt neurological complica-
tions after IBV infection (McCullers et al., 1999; Newland et al.,
2003; Popescu et al., 2017; Reyes et al., 2019). Not surprisingly,
vaccination against influenza appears to reduce the frequency of
influenza-associated encephalopathy, indicating that pre-exist-
ing adaptive immunity can lessen the burden of OSN innate anti-
viral capacity for CNS protection (Ono et al., 2003). Although not
specifically addressed in our study, it will also be important to un-
derstand how viral infection and/or survival of OSNs affect CNS
inflammation.

Our data also suggest influenza infection of the OE and OSNs
is likely a common occurrence in humans, and that the OSN can
respond with strong cell-intrinsic mechanisms but likely secrete
few inflammatory mediators. Because OSN responses initiated
via infection in the OE could still mediate distal effects within
the CNS, follow-up studies are needed to assess potential
long-term changes in immune readiness within the CNS. In addi-
tion, URT viral infections are clinically associated with an

(C) Quantification of OMP-GFP* cells out of total survivor cells (tdTomato™) from a Mal04-Cre-infected mouse as measured via flow cytometry. n = 3 mice; error

bars indicate the SEM.

(D) Microscopy of the OE, olfactory axons, and olfactory bulb from OMP-GFP; lox-stop-lox-tdTomato transgenic mice that were infected with Mal/04-Cre virus
and imaged at 14 days post-infection. Scale bar: 30 um. Blue represents DAPI; green represents GFP; red represents tdTomato. All data are representative of at

least two biological replicates.
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Figure 3. OSNs Induce Strong Antiviral Responses upon Infection

(A) Representative fluorescence-activated cell sorting (FACS) gating strategy to isolate live EpCam* OMP* OSNs from the OE of Mock- and Mal/04-Cre-infected
mice is shown. For sequencing, tissues from three independent mice per time point were collected and pooled at 0, 3, and 14 days post-infection for mock,
actively infected, and previously infected treatment groups, respectively.

(B) Reads mapped to the Mal/04 genome (shown in red) and Gapdh (shown in gray) and normalized to total reads in the Mock (0) and tdTomato™ cell population at
3 and 14 days post-infection.

(C) Heatmap of top significantly differentially expressed genes as ranked by a Benjamini-Hochberg adjusted p value. All “Olfr-” genes were excluded manually
prior to analysis to account for sampling variability.

(D) Gene ontology analysis (PANTHER) of both upregulated and downregulated genes in infected OSNs.

(E) Heatmap of differentially expressed genes from an independent list (Schoggins et al., 2014) of interferon-stimulated antiviral genes. Rep, biological replicate.

impairment in sense of smell, a disorder known as post-viral ol-  but it is possible that SARS-CoV-2 neurological manifestations
factory disorder (PVOD) (Seiden, 2004; Temmel et al., 2002). may be the result of individual variations in OSN antiviral re-
Recently, loss of smell has been identified as an early symptom  sponses. In future studies, it will be important to define how viral
of SARS-CoV-2 infection (Whitcroft and Hummel, 2020), sug- infection affects the ability of these individual surviving cells to
gesting that the virus disrupts olfactory neuronal sensory func-  participate in olfaction and whether there is long-term loss of ol-
tion. Whether this is due to direct infection remains unclear, factory capacity (Choi and Goldstein, 2018).
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Figure 4. High-Magnitude Antiviral Responses Are Correlated with Rapid Viral Clearance from Infected OSNs

(Aand B) FACS was used toisolate live CD31~CD45~CD326* cells from the RE and OE of Mock- (A) and Mal/04-Cre-infected (B) mice at 2 days post-infection. Infected
OSNs were identified as CD31~CD45~CD326* OMP*tdTomato* cells, and infected RE cells were identified as CD31~CD45-CD326" OMP~tdTomato* cells.

(C-L) gRT-PCR on transcripts from RE and OSN cells was used to quantify transcripts for (C) Omp, (D) EpCam, (E) Isg15, (F) Ifit1, (G) /fit3, (H) Oas1a, (l) PKR, (J)
Rsad2, (K) Tnf, and (L) /6. All genes were quantified based on a standard curve and normalized to endogenous 18S expression either in the same sample or
samples run on the same plate. Four independent mice were used to collect matching RE and OE samples; a one-way ANOVA with Tukey’s multiple test
comparison was used to determine significance. For all graphs, error bars indicate the SEM. *p < 0.05, **p < 0.001. ND, not detected; ns, not significant; NT, not
tested due to undetected samples. Data are representative of at least two independent experiments.

(M and N) Microscopy of the RE (M) and OE (N) stained for viral protein from Mal/04-Cre-infected mice at 1 day post-infection. Scale bar: 30 um. Blue represents
DAPI; white represents viral protein; red represents tdTomato. Pie charts represent the number of cells positive for either viral protein only (VP*), viral protein and
tdTomato (Tom* VP*), or tdTomato only (Tom*) collected from 16 images from two independent mice.

(O and P) Microscopy of the RE (O) and OE (P) stained for viral protein from Mal/04-Cre-infected mice at 3 days post-infection. Scale bar: 30 um. Blue represents
DAPI; white represents viral protein; red represents tdTomato. Pie charts represent the number of cells for the indicated groups collected from 24 images from
three independent mice.
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Traditionally, influenza is thought of as an exclusively respira-
tory pathogen, except in rare cases (such as with some highly
pathogenic avian strains) that can replicate in the CNS (Aronsson
et al., 2003; Jang et al., 2009). Despite this, the most commonly
reported extra-respiratory symptom of influenza disease is CNS
related, and the mechanisms underlying these symptoms are
unclear (Goenka et al., 2014; Lee et al., 2010). By using an indel-
ible viral labeling strategy, we were able to uncover robust infec-
tion of cells that directly link the airway to the CNS that may be at
least partially responsible for these phenotypes. Specialized
antiviral responses in this tissue likely developed to protect the
CNS, and we suspect that analogous selective pressures drove
the evolution of other tissue-specific immune responses (Hu and
Pasare, 2013; Moutsopoulos and Konkel, 2018). This work and
future studies defining viral/host interactions at the sub-tissue
or even cell-type level will be important to fully define the mech-
anisms of viral pathogenesis and may identify mechanisms that
can be targeted to alleviate influenza disease.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EpCam/CD326 BD Biosciences Cat# 563478; RRID: AB_2738234
CD45 BD Biosciences Cat# 557659; RRID: AB_396774
CD31 Biolegend Cat# 102410; RRID: AB_312905
Polyclonal sera from B/Mal/04 infected Dumm et al., 2019 N/A

mice

Bacterial and Virus Strains

B/Malaysia/2506/2004 PB1-Cre Dumm et al., 2019 N/A

Chemicals, Peptides, and Recombinant Proteins

Collagenase D Sigma Cat# 11088858001
DNase Sigma Cat# D4527
Dispase Corning Cat# 354235
Critical Commercial Assays

SMART-Seq v4 Ultra Low Input RNA Kit Takara Cat# 634889
Nextera XT Index Kit lllumina Cat# FC-131-1024
Deposited Data

Bulk RNA sequencing data This paper GSE145110
Experimental Models: Cell Lines

MDCK ATCC CCL-34
Experimental Models: Organisms/Strains

B6.Cg-Gt(ROSA)26S o™ 4(CAG-tdTomato)Hze, Jackson Laboratories 007914

J (Isl-tdTomato)

OMP-GFP mice (Potter et al., 2001) Dorian McGavern (NINDS, NIH) N/A
Oligonucleotides

Primers, see Supplemental Dataset 8 This paper N/A
Software and Algorithms

Imaris x64 7.4.2 Bitplane N/A

Bowtie lllumina BaseSpace N/A

DESeq2 Love et al., 2014 N/A

Panther Gene Ontology Mi et al., 2019 N/A

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for reagents should be directed to Dr. Nicholas Heaton (nicholas.heaton@duke.edu).

Materials Availability

Data and reagents are available from the lead contact at request.

Data and Code Availability

The raw and analyzed for RNA-sequencing is accessible at NCBI GEO under the accession number GSE145110.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines

B6.Cg-Gt(ROSA)26Sor™ 4(CAG-tdTomatolize § (5|_tdTomato) were purchased from Jackson Laboratory. OMP-GFP mice (Potter et al.,
2001) on a C57BL/6 background were kindly provided by Dorian McGavern (NINDS, NIH). All colonies of homozygous and
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OMP-GFP; Isl-tdTomato heterozygous mice were bred and maintained in Duke Facilities. No blinding was performed in animal ex-
periments. Both male and female animals were used at 6-12 weeks of age and randomly assigned to mock and infected treatment
groups. All experiments involving animals were conducted in accordance with Duke University Animal Care and Use Committee.

Viruses and infections

Influenza B viruses (B/Malaysia/2506/2004) were used for these experiments. We utilized a recombinant strain expressing a Cre re-
combinase in the PB1 segment of the Mal/04 genome (Dumm et al., 2019). All viral stocks were grown in embryonated chicken eggs
in a humidified incubator at 33°C. Mice were anesthetized with 0.1 mL of ketamine/xylazine and subsequently administered between
10-40 pL of virus diluted in pharmaceutical grade PBS. Infected animals in Figures 1 and 2 were carried out with mice infected with
100,000 PFU in 40 uL. Subsequent experiments shown in Figures 3 and 4 were infected with 500,000 PFU in 10 uL to target the upper
respiratory tract. Infection doses ranged from 100,000-500,000 PFU/mouse. Mice were monitored for weight loss as a sign of
morbidity and 80% of their starting bodyweight was used as a humane endpoint, however, we used primarily sublethal doses of virus
for these experiments.

METHOD DETAILS

Plaque assays

Upper respiratory tract tissues were collected from mice at 48 h post-infection and minced. After filtration, samples were plaqued on
MDCK cells (ATCC, CCL-34) and incubated at 33C for 72 h. The cultures were then fixed and stained with polyclonal serum to recog-
nize viral proteins and plague-forming units were quantified.

Microscopy

Mice were collected at the appropriate time point, injected intraperitoneally with 500 puL of chloral hydrate (4 g/mL), and then system-
ically perfused with 2.5% buffered formalin in PBS. Mouse heads were dissected and skin and fur removed before incubation over-
night in fixative. The tissue was then decalcified by incubation in 0.5M EDTA for at least 5 days at 4°C before mounting in tissue
freezing medium (General Data #TFM-5) and sectioning. The frozen tissue was sectioned by a cryostat at —20°C, and each 30-micron
section was adhered to a treated microscope slide (Fisher #12-550-15). Each slide was incubated with 400 pL of primary antibody
stain overnight at 4°C. Slides were washed with PBS and incubated for 2 hr at room temperature with 400 puL of secondary antibody.
Slides were washed with PBS and coverslipped with Mowiol mounting media. Primary antibody stain: DAPI 1 mg/mL (1:800) and anti-
Mal/04 sera (1:260,000). Secondary antibody stain: AlexaFluor 647 goat anti-mouse IgG 1.5 mg/mL (1:1250) (Jackson ImmunoRe-
search #115-605-003). Allimages were captured with a Leica SP8 Upright Confocal microscope. Image analysis was performed with
Imaris x64 7.4.2.

Flow cytometry

Mice were collected at the appropriate time point, euthanized, and then systemically perfused with PBS. Mouse heads were
dissected to remove connective tissue then the brain was removed to access the olfactory epithelium in the posterior region of
the nasal cavity and respiratory epithelium in the anterior section of the snout. Olfactory epithelial tissue was then digested in Hiber-
nate A (Thermofisher) containing 0.5 mg/mL Collagenase D (Sigma 11088858001) and 0.5 mg/mL DNase (Sigma D4527). Respiratory
epithelium was digested in DMEM containing 20 U/mL Dispase (Corning 354235). Following 30 min of digestion, the tissue was
minced, washed 2X with PBS and filtered using a 70 uM filter (Corning #431751) to generate a single-cell suspension. Cells were
then stained with Live/Dead (ThermoFisher L34964) EpCam (BD Biosciences #563478), CD45 (BD Biosciences 557659), CD31 (Bio-
legend 102410), or polyclonal serum from previously infected mice which will react to multiple viral proteins. All flow cytometry ex-
periments were run on a BD Fortessa.

Prep for RNA sequencing

OMP;lox-stop-lox tdTomato mice were collected at 0 and 3 DPI for Mock and actively infected time points and olfactory tissue was
digested as outlined above for flow cytometry. Olfactory epithelial cells were then stained using Live/Dead, EpCam and identified as
OMP-GFP+ using tdTomato as a marker for infection. Cells were sorted on a SONY SH800S Cell Sorter using a 100 uM microfluidic
sorting chip. cDNA libraries were then prepped using the SMART-Seq v4 Ultra Low Input RNA Kit for sequencing directly from sorted
cells. Samples were barcoded for lllumina sequencing using Nextera XT Index Kit and sequenced on a single lane of HiSeq with
150 bp paired end reads. Data can be accessed at NCBI GEO under the accession number (GSE145110). Reads were mapped
to the mm10 mouse transcriptome and the B/Mal04 genome using Bowtie on Basespace (lllumina).

RNA sequencing analysis using DeSeq2

Prior to analysis, we manually removed all olfactory sensory neuronal receptor genes (“Olfr-*) to minimize the sampling variability
from sequencing a limited number of OSNs. Mapped reads were imported into R then scaled using the default “DESeq2” function
using a log transformation and normalizing to capture moderately expressed genes (Love et al., 2014). Variance estimates were
calculated across samples and using to normalize samples for heatmaps. The default “Results” function was used to compare
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the expression of Mock and actively infected samples and the top significantly differentially expressed genes (as defined by Benja-
mini-Hochberg adjusted p value < 0.01 were then selected to plot in a heatmap. These genes were then sorted as upregulated or
downregulated by fold change and used as input to PANTHER Gene Ontology gene function analysis (Mi et al., 2019). Finally, all
significantly differentially expressed genes were compared with an independent list of interferon-stimulated genes upregulated by
influenza viruses (Schoggins et al., 2014) and the overlapping genes were plotted on a heatmap.

Quantitative PCR

OMP;lox-stop-lox tdTomato mice were collected at 2 DPI for an actively infected time point and respiratory and olfactory tissue was
digested as outlined above for flow cytometry. Samples were stained using Live/Dead, CD326 (Epcam), CD31 and CD45. RE cells
were defined as CD326+CD31-CD45-OMP- from respiratory epithelial digests. OE cells were defined as CD326+CD31-CD45-OMP+
from olfactory epithelial tissue digests. Endogenous tdTomato was used to distinguish infected cells from uninfected cells. At least
200 cells were collected from 4 mice for each RE and OE samples and samples prepared using Smart-Seq v4 Ultra Low Input RNA Kit
for Sequencing (Takara Cat# 634889). Samples were amplified using primers from this kit to generate cDNA libraries. Quantitative
PCR was performed using TagMan Universal PCR Master Mix (ThermoFisher Scientific, Cat# 4304437) and using 18S as an endog-
enous control 18S (ThermoFisher Scientific 4319413E). gPCR was performed using the following assays: Isg15 (Mm01705338_s1),
Ifit1 (Mm00515153_m1, Ifit2 (MmO00492606_m1), Ifit3 (MmO01704846_s1), PKR (Mm01235643_m1), Oasla (Mn_00836412_m1),
Rsad2 (Mm00491265_m1), EpCam (Mm00493214_m1), OMP (Mm00448081_s1), and Ifitm3 (Mm00847057_s1). Gene expression
was plotted on an arbitrary standard curve then normalized to 18S either in the same sample or from the same sample on the
same plate as an endogenous control. 4 independent mice were used to collect matching RE and OE samples, a one-way
ANOVA with Tukey’s multiple test comparison was used to determine significance. Quantification of viral reads was performed
with the following custom primers and probes (IDT): PB2 — F: CACTGAAGGCTCAGTTTCTTCTA, R: CTGTACTGACCAGCCATCTTC,
P: /56-FAM/AGAGGACAT/ZEN/GTTCCAATGGGATGCA/3IABKFQ/, PB1 — F: GCAACCGCTGGAATACAAATC, R: CATTTGACA
GTTTGGCCTTCTT, P: /56-FAM/CCCACGGGC/ZEN/AAACCACTTTGTTC/3IABKFQ/, PA — F: GCAAGGATGTCTCCCTTAGTATC,
R: CTTCTGGTAGCTCATGGTTGT, P: /56-FAM/AGGACCTAA/ZEN/GACCAATAGGGCCTCA/3IABKFQ/, HA — F: CCCAGAAGTTC
ACCTCATCTG, R: GTAGTCCTCCGTCTTCTGTTTG, P: /56-FAM/CCAACGGAG/ZEN/TGACCACACATTACGT/3IABKFQ/, NP - F:
GAGTTGGACTTGACCCTTCAT, R: CACTAGAGTTCCACCTCCTTTG, P: /56-FAM/TACCTTTGC/ZEN/AGGAAGCACACTCCC/
3IABkFQ/, NA - F: AGGCATCAAGGGAGGATTTG, R: GGGTCTCCATCATACTTGACATAC, P: /56-FAM/TGGAAGGTG/ZEN/
GTACTCTCGAACGATGT/3IABKFQ/, M - F: CTAGGAACGCTCTGTGCTTTAT, R: TAGCTGAGACCATCTGCATTTC, P: /56-FAM/AG
CATCACA/ZEN/TTCACACAGGGCTCA/3IABKFQ/, NS — F: CTCACTCTTCGAGCGTCTTAAT, R: CCAGTCTAATTGTCTCCCTCTTC,
P: /56-FAM/TAAGACTCC/ZEN/CACCGCAGTTTCAGC/3IABKFQ/. Any fold changes described in the text were calculated from the
average of two independent gPCR replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all tests involving a single comparison between two samples, statistical analysis was done using a two-tailed Student’s t test. For
all analyses involving comparisons between multiple samples, a one-way ANOVA was done followed by a Tukey’s multiple test com-
parison to determine significance. Standard error of the mean (SEM) was plotted to indicate variability around the mean for tests sam-
ples. All experiments included the number of biological replicates indicated in the figure legend and were reproduced at least twice.
Sample sizes were chosen based on the anticipated magnitude of the measured phenotype. Statistical analysis was not done on any
comparisons where values were lower than the limit of detection, and this was noted in the figure legend. No samples were excluded
from statistical analysis for any comparisons with significance noted. Analysis was performed using Prism 7 software (Graphpad). For
all comparisons, *p < 0.05, **p < 0.001, ns not significant.
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